Atomistic molecular dynamics simulations are used to study generation 5 polyamidoamine (PAMAM) dendrimers immersed in a bath of water. We interpret the results in terms of three classes of water: buried water well inside of the dendrimer surface, surface water associated with the dendrimer-water interface, and bulk water well outside of the dendrimer. We studied the dynamic and thermodynamic properties of the water at three pH values: high pH with none of the primary or tertiary amines protonated, intermediate pH with only the primary amines protonated, and low pH with all amines protonated. For all pH values we find that both buried and surface water exhibit two relaxation times: a fast relaxation (∼1 ps) corresponding to the libration motion of the water and a slow (∼20 ps) diffusional component related to the escaping of water from one domain to another. In contrast for bulk water the fast relaxation is ∼0.4 ps while the slow relaxation is ∼14 ps. These results are similar to those found in biological systems, where the fast relaxation is found to be ∼1 ps while the slow relaxation ranges from 20 to 1000 ps. We used the 2PT MD method to extract the vibrational (power) spectrum and found substantial differences for the three classes of water. The translational diffusion coefficient for buried water is 11-33% (depending on pH) of the bulk value while the surface water is about 80%. The change in rotational diffusion is quite similar: 21-45% of the bulk value for buried water and 80% for surface water. This shows that translational and rotational dynamics of water are affected by the PAMAM-water interactions as well as due to the confinement in the interior of the dendrimer. We find that the reduction of translational or rotational diffusion is accompanied by a blue shift of the corresponding libration motions (∼10 cm -1 for translation, ∼35 cm -1 for rotation), indicating higher local force constants for these motions. These effects are most pronounced for the lowest pH, probably because of the increased rigidity caused by the internal charges. From the vibrational density of states we also calculate the enthalpies and entropies of the various waters. We find that water molecules are enthalpically favored near the PAMAM dendrimer: energy for surface water is ∼0.1 kcal/mol lower to that in the bulk, and ∼0.5-0.9 kcal/mol lower for buried water. In contrast, we find that both the buried and surface water are entropically unfavored: buried water is 0.9-2.2 kcal/mol lower than the bulk while the surface water is 0.1-0.2 kcal/mol lower. The net result is a thermodynamically unfavored state of the water surrounding the PAMAM dendrimer: 0.4-1.3 kcal/mol higher for buried water and 0.1-0.2 kcal/mol for surface water. This excess free energy of the surface and buried waters is released when the PAMAM dendrimer binds to DNA or metal ions, providing an extra driving force.
Introduction
Dendrimers constitute a class of highly branched polymers with distinct and unique structure and mechanical properties, making them interesting for theoretical research in addition to innovative applications. New dendrimers are continuing to be synthesized and studied, but the polyamidoamine (PAMAM) dendrimers, whose molecular structure is highly controllable and can be produced in a large quantity, continue to be particularly useful for many applications. Thus the low immunogenicity of PAMAM makes it a good candidate for biomedical applications such as gene and drug delivery. [1] [2] [3] Furthermore, the PAMAM dendrimers form stable complexes with metal ions [4] [5] [6] [7] giving them potential applications for environmental cleanup and heavy metal recovery.
Despite extensive study, there remain questions on the atomistic 3-dimensional structure of PAMAM dendrimers, on which functional groups are protonated at different pH values, and on the mechanism for interacting with metal ions and such molecules as DNA. To address these issues systematically, we performed a series of molecular dynamic simulations, [8] [9] [10] focusing here on the dynamic and thermodynamic behavior of water in the PAMAM solution.
The dynamic properties of water in biological systems were found to exhibit two relaxation times: 11, 12 a fast component (picosecond or subpicosecond) related to the librational motions of water and a slower component related to escaping of water molecules from the biomolecular surface to the bulk (the time scale of this relaxation depends on the specific molecules and the relaxation time ranges from a few picoseconds to hundreds of picoseconds). Such phenomena have been widely investigated by experiments [13] [14] [15] [16] [17] [18] and by molecular simulations [19] [20] [21] [22] [23] [24] [25] [26] for water in biological systems such as proteins and DNA.
The difference in behavior of water near biomolecules compared to bulk waters has a great impact on the biological processes. For example, Bhattacharyya 18 showed that the slow relaxation of water leads to slow proton transfer for polar reactions taking place in biological assemblies. This results in a much higher reaction barrier with concomitant retardation in reactions. The slow water dynamics near the biomolecular surface also have significant implications for the protein-ligand binding and protein crystallization. It has been argued 13 that the picosecond time scale is ideal for protein-protein association. This would also be important for molecular recognition in water.
This paper reports a detailed analysis on the change of water dynamical properties near generation 5 (G5) PAMAM dendrimer in solutions with various pH values. We simulate three solution pH conditions: high pH (∼10) with none of the primary or tertiary amines protonated (neutral PAMAM); intermediate pH (∼7) with all 128 primary amines protonated, but none of the 126 tertiary amines protonated; and low pH (∼4) with all 254 amines protonated.
In addition we also report how the presence of PAMAM dendrimer affects the free energy of water under all these conditions. This study of free energies associated with buried water should aid in the understanding of the transport and binding of DNA and metals to PAMAM.
Computational Details
The initial atomistic structure of the PAMAM dendrimer at generation 5 was constructed by using the Continuous Configurational Boltzmann Biased (CCBB) Monte Carlo (MC) method. 9, 27 This initial structure was then subjected to a series of protocols to accelerate equilibration of the structure. First, the conjugate gradient minimization was used to relax bad contacts in the CCBB generated structures. This minimized structure was then heated at a rate of 100 deg K/4 ps from 300 to 2000 K, followed by quenching to 1000 K at the same rate. This annealing cycle is repeated 4 times between 1000 and 2000 K, finally cooling to 300 K. This is followed by a long, 400 ps simulation in vacuum at 300 K. This room-temperature structure is immersed in a preequilibrated box of F3C water, 28 which gives satisfactory properties of bulk water at various temperatures. The water-box was extended 10 Å in each direction to ensure a complete solvation of the PAMAM molecule. To enhance the speed of simulation, we performed simulations for nonperiodic systems, i.e., the PAMAM is immersed in a large droplet of water. Therefore, our study may be subjected to additional surface effects when compared to biological systems in bulk.
The PAMAM water composite is then equilibrated for 200 ps at 300 K. The solution pH condition is specified by the level protonation of amines on the PAMAM dendrimer. At high pH (∼10) no protonation occurs. At neutral pH (∼7) all the 128 primary amines are protonated. At low pH (∼5), all the 128 primary amines and 126 tertiary amines are protonated. 29 For protonated PAMAM dendrimers, the protons are added before immersing them into water. Short minimization was performed to relax the added proton and its neighboring atoms. Appropriate amounts of chlorine counterions (Cl -) are added near the protons to ensure charge neutrality. Snapshots of the water-solvated PAMAM structures are presented in Figure 1 .
We used the generic Dreiding force fields 30 to describe the covalent (bond stretching, angle bending, torsion, and inversion) and van der Waals (Lennard-Jones 12-6) interactions for all atoms except for water, where the F3C force field parameters were used.
The atomic charges needed for describing the coulomb interactions are calculated from the charge equilibration (QEq) method. 31 First we evaluate the QEq charges for the EDA core, as a neutral molecule using generation 0, i.e., with all four terminal H atoms replaced by 4 monomers of PAMAM dendrimer. Then, we evaluate the QEq charges for the full monomer of PAMAM, with all three H atoms replaced by three monomers of PAMAM, again requiring charge neutrality. Finally we evaluate the QEq charges for the terminal PAMAM monomers, with the two terminal H atoms kept as H and the other H replaced a monomer of PAMAM dendrimer. These charges for the terminal PAMAM monomer were then scaled to be neutral and used for the terminal generation. This procedure ensures that each generation is neutral. In the case of neutral pH when all 128 primary amines are protonated, we found that the change of atomic charges is quite localized and can be specified by recalculating only the charges on the terminal monomer (including the 2nd monomer as described above), with a net charge of +1. However, for low pH where both primary and tertiary amines are protonated, we found that the effects cannot be contained within the monomer units. Thus for this case we determined the QEq charges for all atoms as a single molecule with the total charge constrained to +128. The long-range nonbonded Coulomb and van der Waals interactions are calculated by using the Cell Multipole Method (CMM). 32 The Verlet algorithm is used for velocity integration with the integration step set to 1 fs. The Nose-Hoover thermostat with a relaxation time constant of 0.01 ps is used for temperature control. All MD simulations and energy minimization were carried out with the MPSim molecular dynamics program. 33 
Results and Discussion

Definition of Water Regimes.
To facilitate the analysis of the properties of water molecules, we define three spatial domains for the water in the PAMAM system: buried, surface, and bulk. First we construct the solvent excluded surface (SES) of the PAMAM dendrimer using a large probe radius of 6 Å (∼4 times the radius of a water molecule). This is meant to distinguish between internal cavities with small necks (up to 12 Å in diameter) from broad concave regions that are not really internal. Then we define as surface atoms any that have a nonzero SES area. Then we define the surface domain as the space within a spherical radius of 2 Å from any surface atom. The buried domain is defined as the internal regime of PAMAM, 3 Å away from the surface atoms. The bulk domain is identified as an external shell of 3 Å thickness and 4 Å away from the PAMAM surface atoms. The water molecules that fall within each of the domains are identified as the surface, buried, or bulk water molecules, respectively. [In the computer program, surface water molecules are first identified by searching all the water molecules within 2 Å from PAMAM surface atoms. For each of the remaining water molecules, the distance between water and its closest PAMAM surface atom R h is calculated. If R h is greater than 3 Å and the water is inside PAMAM (judging from the outward normal on the PAMAM surface atom), the water molecule is labeled as buried. If R h is less than 7 Å but greater than 4 Å, and the water is outside PAMAM, it is labeled as bulk. For clarity we illustrate this classification of waters in (Table 1) within the system, and the notation 〈 〉 indicates ensemble average and is determined by using the standard multiple origin sampling method from the trajectory. We have calculated and recorded P i d (t) for each water molecule every 50 fs (i.e., t k+1 -t k ) 50 fs) from a 100 ps MD simulation run for PAMAM dendrimers at three different protonation levels. The C d (t) is calculated up to a maximum correlation time of 50 ps, i.e., 50% of the total trajectory.
Note that the values Table 1 give the average water content within domain d for PAMAM systems at different protonation levels. It is noticeable that the water content in the buried and surface domains and PAMAM SES area increase with the PAMAM protonation level. This is consistent with previous findings that the radius of gyration of PAMAM increases (swollen) at low pH. 8, 29 The time evolution of normalized C d (t) for water in the neutral, unprotonated PAMAM solutions is depicted in Figure  3 , parts a and b, and those of surface water and buried water around PAMAM at different protonation levels are compared in Figure 3 , parts c-f. The water relaxation is determined by 
fitting the normalized C d (t) to two exponential functions It is found that the time correlation functions of water in the three regimes in the PAMAM systems at three protonation levels can be well described by using eq 3 as the correlation coefficients R 2 listed in Tables 2 and 3 are better than 0.99 in all cases. In general, the water relaxation in the PAMAM system has a fast component (τ f ) at a time scale below 2 ps, and a slow component (τ s ) at 2 ps or longer. The fast component corresponds to the domain boundary water crossing or vibrating at the domain border. Such a fast vibrating mode is sometimes viewed as the water vibrating in a temporary cage formed by its neighboring molecules. Since allowing the re-entrance of water into the same domain (eq 2) misses some of the fast oscillations at the domain boundary, the residence time evaluated by using eq 1 provides the proper estimate of the fast mode relaxation. The fast mode relaxation time (τ f ) increases from about 0.4 ps for the bulk water to about 1 ps for the surface and buried water molecules (Table 2) , indicating a drastic slowing down of water vibrations inside or at the surface of PAMAM. In the case of high solution pH, τ f decreases by ∼0.2 ps from surface (0.98 ps) to buried (1.16 ps). In the case of intermediate and low solution pH, the difference in τ f between the surface and buried water is less than 0.05 ps. This is an indication of a very different environment inside a neutral (unprotonated) PAMAM dendrimer. In fact, this is consistent with our previous observation that the cavities inside neutral PAMAM dendrimers are more isolated and the protonation on amine groups opens up the buried cavities (Figure 1 ). The opening of the internal structure of the dendrimer makes the distinction between surface and buried domains less significant.
The slow relaxation component (τ s ) indicates the lifetime of water in the domain. In this case eq 2, which allows for water re-entrance and reduces the effect of the artificial choice of a rigid boundary, provides a better measurement of such relaxation. The slow mode relaxation time (τ s ) increases from about 14 ps for the bulk water to about 19 ps for surface water and 25 ps for buried water (Table 3) . This, again, indicates a drastic slowing down of water relaxation inside or at the surface of PAMAM. It is noted that due to the open structure of PAMAM at low pH the residence time τ s is only slightly increased (0.68 ps) from the surface water to buried water, whereas there is a much more significant change of residence time for the intermediate and high pH cases (4.43 and 9.97 ps, respectively).
Although the relaxation time τ s from eq 1 is not very meaningful as this quantity is known to depend on the size and 
shape (volume and surface area) of the domain, 21 the comparison of corresponding results from eq 2 provides insights to the reentering behavior of water molecules into each domain. For example, the τ s of surface water increases from about 5 ps using eq 1 to about 19 ps using eq 2, indicating a significant re-entrance of the same water into the same domain. In contrast, there is only a slight increase of τ s (from 23 to 28 ps) for buried water under high solution pH. Such a difference is also caused by the more confined voids in the unprotonated PAMAM dendrimer, making the re-entrance of water more difficult. We also note some small differences in τ s and τ f for bulk water under different solution pH values. Some chlorine ions (Cl -) used to maintain charge neutrality in our simulation for intermediate and low pH cases apparently migrate into the bulk domain, making the water molecules behave slightly differently in different cases.
Change of Water Translation and Rotation Dynamics under Different Solution pH.
The change of dynamical properties (translation and rotation) of water in different environments around PAMAM can be more clearly seen from the shift of the vibrational modes. The vibrational spectrum of water molecules can be determined from the Fourier transform of the velocity autocorrelation function 34, 35 where C(t) can either be the mass weighted velocity autocorrelation function determined from the center of mass velocities V CM (t) of water molecules or the moment of inertia weighted angular velocity autocorrelation function where I ij and ω ij (t) are the jth principal moment of inertia and angular velocity of water molecule i.
It should be noted that the integration of the vibrational spectrum S(υ) over the entire frequency (υ ) 0 to ∞) gives the total degrees of freedom 3n of the system where n is the number of water molecules used in the summation in eqs 5 and 6. Furthermore, the zero frequency intensity S(0) corresponds to the translational and rotational diffusion of water molecules 35 and The vibrational spectrum of water in the three domains is calculated for PAMAM dendrimers under different solution pH conditions. Previous analysis shows that, allowing the reentrance of water molecules into the same domain, the residence
We therefore identify the water in each domain at time zero (after the system is equilibrated) and save the velocity information of the same water molecules every 4 fs for 20 ps. Using 10 ps as the maximum correlation time, we obtain the vibration spectrum with a resolution of 1.1 cm -1 . The same analysis is repeated 5 times, which amounts to a total of 100 ps MD run for each case, to estimate the uncertainty in our analysis.
The translational and vibrational spectra of water are presented in Figure 4 . It should be noted that all the spectra are normalized to one molecule, therefore the area underneath each curve is 3 (i.e., 3 translational or rotational degrees of freedom). The general feature of the translational mode distribution is the finite intensity at υ ) 0 cm -1 , and then increasing to a maximum at 30-65 cm -1 , followed by a monotonic decrease extending to more than 400 cm -1 . It can be seen that the surface and buried water are distinct from the bulk water by having a smaller value of S T (0) and a blue shift in the peak of librational motions. For the unprotonated (high pH) and primary amine protonated (intermediate pH) PAMAM dendrimers (Figure 4a,c) , there is a significant decrease of S T (0) of water at the dendrimer surface, indicating a slower translational diffusion. The diffusion is even slower for the buried water. Additionally, there is a blue shift (Table 4) in the peak of librational motions by about 8-9 cm -1 going from bulk to surface water and by 20-30 cm -1 going from bulk to buried water. The structure of the fully protonated PAMAM dendrimer (low pH) is much more opened ( Figure  1) , and there is a gradual decrease in diffusion and blue shift (Figure 4e ) in the libration from the bulk (37 cm -1 ), to surface (46 cm -1 ), and to buried (58 cm -1 ) water. Such blue shift of the water libration is also observed by Pal et al. in their simulation study of water near a micelle of cesium perfluorooctanoate surfactant. 25 The numerical values of translational diffusion coefficients of water in different domains are listed in Table 5 . The reductions of D T from the bulk to surface and buried water are 19% and 89%, respectively, for high pH solution. The reductions are 23% and 83% in the case of intermediate pH, and 21% and 67% for low pH solutions. [The D T of bulk water under high solution pH (6.88 × 10 -5 cm 2 /s) is 2.8 times larger than the experimental value (2.5 × 10 -5 cm 2 / s). This discrepancy is likely a result of the use of a none periodic system in our simulation. We have independently performed a constant temperature (300 K) and pressure (0 GPa) simulation for a system of 612 water molecules in a periodic cell. The translational diffusivity determined from 5 pieces of 20 ps trajectories is found to be (2.70 ( 0.26) × 10 -5 cm 2 /s, in good agreement with the experimental value. The rotational diffusion determined in this case is (3.14 ( 0.25) × 10 11 l/s, slightly higher than the experimental value of 2.2 × 10 11 l/s.]
The rotational spectrum shows a somewhat different variation compared to the case of the translational modes. For the unprotonated PAMAM dendrimers (Figure 4b ), the rotational mode distributions for the surface and the bulk water are rather similar. This indicates that the water rotations are not much affected by the presence of the PAMAM dendrimer. However, the buried water show a much lower rotational diffusion (smaller S R (0)) and a blue shift of the libration peak (Table 4 ) by 36 cm -1 (from 496 cm -1 for the bulk water to 532 cm -1 for the buried water). The difference in the rotational dynamics of water in different domains increases as the protonation level increases. For the case when primary amines are protonated (Figure 4d) , the blue shift from bulk is 33 cm -1 for the surface water and 46 cm -1 for the buried water. For the fully protonated PAMAM (Figure 4f ), the blue shift in rotational libration increases to 35 cm -1 for the surface water and 56 cm -1 for the buried water. The reduction of rotational diffusion (Table 5 ) is quite similar to that for the translational diffusion. For high pH, the reduction from bulk water is 22% for surface water and 79% for buried water. The corresponding reductions are 28% and 73% for intermediate pH, and 20% and 55% for low pH solutions. The effect of protonation of PAMAM dendrimer on the water dynamics can be seen from the comparison shown in Figure 5 . For the buried water (Figure 5a ), the higher protonation of PAMAM results in an increase in the translational diffusion and a slight red shift (unprotonated 67 cm -1 , primary amine protonated 61 cm -1 , fully protonated 58 cm -1 ) of the libration peak. This indicates that as the solution pH is lowered and the PAMAM structure becomes more open, the buried water becomes more mobile. The rotational diffusion (Figure 5b ) appears to be independent of the level of PAMAM protonation while there is a significant blue shift in the rotational libration at high protonation (unprotonated 532 cm -1 , primary amine protonated 557 cm -1 , fully protonated 567 cm -1 ). Therefore the protonation of amines on PAMAM leads to a more strained water rotation. For the surface water (Figure 5c,d) , the primary amine protonation results in a reduction in both translational and rotational diffusion but further tertiary amine protonation does not cause further reduction in the diffusion or the libration peak shift. These results indicate that the protonation of primary amines greatly changes the surface properties of PAMAM, causing the water diffusion to slow and libration to be more strained. However, protonation on tertiary amines located at the buried part of PAMAM dendrimer does not lead to a further change of the surface properties.
Summarizing these results, we find that the dynamical behavior of water is affected by both the PAMAM-water interaction as well as the spatial confinement inside the PAMAM cavities. The water in contact with the PAMAM surface diffuses slowly and is more strained. Inside the PAMAM dendrimer the water diffusion is much slower and the librations are much more strained as well. Interestingly, the rotational dynamics of water appears to be affected more by the spatial confinement than the PAMAM-water interactions. This is evident from the fact that the rotational spectrum of the surface and bulk water are very similar but the rotational spectrum of bulk and buried water are distinctly different. The spatial confinement also leads to a slower rotational diffusion and higher strained libration. The effect of protonation of amines on PAMAM leads to further slowing down in both rotational and translational diffusion, and a higher strained libration of water nearby the proton. Because the primary amines are quite uniformly distributed 8 within PAMAM, their protonation leads to the change of dynamics of water at the surface and inside the dendrimer. In contrast, since tertiary amines are found mostly in the buried regime of PAMAM, their protonation has a strong effect on the buried water but not on the surface ones.
3.4. Thermodynamic Properties of Water. Table 6 summarizes the thermodynamic properties of the water molecules in different domains. The energies listed (also shown in Figure  6 ) are the strain energies determined from distributing the total system energy to each atom and summing the contributions for water molecules under consideration. Due to the presence of Cl -in the bulk water, the water energies are slightly lower for the protonated PAMAM cases (the difference is 0.4 kcal/mol between high and intermediate pH solutions and 0.5 kcal/mol between high and low pH solutions). The water energies are about 0.1 kcal/mol lower at the PAMAM surface compared to the bulk, and are lowered by 0.92, 0.57, and 0.54 kcal/mol for buried water for high, intermediate, and low pH conditions, respectively. These results are consistent with the view that the water molecules may form strong hydrogen bonds with the amine groups and protons of PAMAM, therefore lowering the energy. Consequently, water molecules are enthalpically favored at the PAMAM surface and inside the dendrimer. It is interesting to note that our finding of the small alteration in water energetics (0.1 kcal/mol) due to the presence of a macromolecule despite a dramatic change in the water dynamics is similar to that reported by Pal et al. in an aqueous micelle system. 25 The entropy of water molecules in different environments around the PAMAM dendrimer can be determined by using the 2PT method recently developed by Lin et al. 35 The 2PT method is a modification of the quasiharmonic approximation methods [36] [37] [38] [39] where the entropy is determined by treating each mode in the vibrational spectrum S(υ) as a harmonic oscillator. The fluidicity problems, including the singularity in entropy at zero frequency due to diffusion and the anharmonicities at lowfrequency regime, are resolved by decomposing the liquid S(υ) into a solid S s (υ) and a gas S g (υ) component, and treating each component with appropriate statistics. Lin et al. have shown that very accurate thermodynamic properties for Lennard-Jones fluid can be obtained from S(υ) by using the trajectory of a length of about 20 ps. In the 2PT method, the entropy is determined by where W S HO (υ) and W S g (υ) are the weighting functions of entropy for a harmonic oscillator and a hard sphere gas, respectively with ) 1/kT, h Plank's constant, and S HS the hard sphere entropy determined by the Carnahan-Starling equation of state. 40 The details of how to decompose S(υ) into S s (υ) and S g (υ) can be found in ref 35 . Also note that the entropic contribution from molecular rotations is assumed to be a constant value of 44.58 J/(mol K) (3.2 kcal/mol in terms of TS at 300 K) as previous studies have shown that the rotational entropy in solution can be well estimated from the value in the ideal gas condition. [41] [42] [43] The vibrational entropies are small and are ignored in our calculation. The 2PT method has been used to determine the various phases of dendrimer liquid crystals 44 and stability of various forms of dendrimer aggregate. 45 In the Appendix we provide a simple validation of the 2PT method for the calculation of free energy of liquid water. Table 6 and Figure 6 present the calculated entropy (weighted by temperature) from the 2PT method using the vibrational spectrum of water (Figure 4 ). There is a slight (0.19 to 0.25 kcal/mol) decrease of entropy for water going from the bulk to the surface, and depending on the protonation level of PAMAM a further (0.69 to 1.99 kcal/mol) decrease of entropy of water going from the surface to the buried part of the dendrimer. Therefore, though the water molecules are energetically favored around PAMAM, they are entropically unfavored (leading to an increase of free energy) at the surface or interior of the PAMAM dendrimer. The net effect is a higher free energy state for water surrounding PAMAM dendrimers.
The free energies of water in different environments are presented in Figure 6 . At high solution pH, the free energy of the water at the PAMAM surface is 0.18 kcal/mol higher than that of bulk water. For water inside the PAMAM it is 1.32 kcal/ mol higher as compared to that of the bulk water. At intermediate pH, the free energy increases by 0.11 kcal/mol going from bulk water to PAMAM surface, and by 0.91 kcal/mol to the internal of PAMAM. For low pH solutions, the increase of free energies is less significant and is 0.07 and 0.35 kcal/mol, respectively. Therefore, unlike the dramatic changes in water dynamical behaviors at various protonation levels, the protonation of PAMAM makes the distinction of water free energies in different domains less significant.
It should be noted that the entropy calculated from the 2PT method is valid for the time period used to determine the vibrational spectrum, i.e., 20 ps. We are able to estimate the local entropy values of water because, as shown previously, the residence time of water is about 20 ps or longer. If a much longer trajectory were used, a significant amount of water would have exited the domain of interest. In this case the vibrational spectrum would be the average of water motions in different domains and the water properties would be less distinctive in each domain.
Conclusion
The unusual dynamical behavior of water in biological systems is important in obtaining a better understanding of the role of water in many interesting biological processes. PAMAM dendrimers constitute a class of polymers in which the branching and length are well-controlled and which have great potential in gene therapy, drug delivery, and even environmental protection. Consequently to better understand the binding of PAMAM with DNA, proteins, or heavy metals, it is useful to study the dynamics and thermodynamics of water around PAMAM dendrimers.
Our simulation results show that the water around PAMAM dendrimers behaves quite similarly to that in biological systems. Two distinct relaxation behaviors are observed for waters at the PAMAM surface and inside the dendrimer. Water diffusion around the dendrimer is significantly reduced and the librational motions are more constrained compared to those of bulk water. Protonation of the amines on PAMAM (lower pH) enhances these effects, suggesting that binding a ligand to PAMAM at low pH may be much slower than that at high pH.
We find little enthalpic difference between waters in the three different domains around PAMAM; however, we find that the entropy decreases significantly (1.5 kcal/mol for high pH) for buried PAMAM compared to the bulk (for surface water the difference is 0.8 kcal/mol at high pH). Therefore, the water molecules near the dendrimer have a higher free energy compared to bulk waters. Upon binding, this free energy is released as the inside or surface waters are exchanged with ligand molecules.
Appendix: Validation of Free Energy Calculation of Liquid Water from the 2PT Method
Here we demonstrate the feasibleness of 2PT in the calculation of free energy of liquid water. A simple test would be to compare the 2PT calculated free energies to those from other methods such as Monte Carlo. However, various Monte Carlo implementations usually give slightly different results; furthermore, we do not find such values for F3C water in the literature. For these reasons, it may be more sensible to compare the pressure calculated from the formal method in molecular simulations, i.e., one-third of the trace of the stress tensor, and from the partial derivative of Helmholtz free energy A with respect to volume V, with A being calculated from the 2PT model. This should also provide a good consistent check because both quantities can be evaluated from the same simulation.
We have performed NVT MD simulations for 216 water molecules at densities ranging from 0.8 to 1.1 g/cm 3 at two temperatures, 298 and 400 K. To obtain a statistical average, at each state point we did 20 independent simulations. For each simulation, we performed 10 ps equilibration followed by 20 ps sampling (for the 2PT free energy calculation). The total entropy of water was calculated by the sum of a constant rotational entropy (44. 
(averaged over 20 independent samples) with density F was then fitted to a second-order polynomial (the correlation coefficients R 2 were both found to be greater than 0.99). The 2PT pressures were then obtained from eq A.1. The comparison of the calculated 2PT pressures with those from the MD output (one-third of the trace of the stress tensor) at temperatures 298 and 400 K is shown below. It is clear that in the stable phase (P > 0) the 2PT values are in good agreement with the MD results. Therefore it should be evident that the free energies we obtained here are quite reliable for stable liquid water.
